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High Energy Nucleus-Collisions provide the 
means of creating Nuclear Matter in conditions 

of Extreme Temperature and Density	

•  At large energy or baryon density, a phase transition is expected from 
a state of nucleons containing confined quarks and gluons to a state of 
�deconfined� (from their individual nucleons) quarks and gluons 
covering a volume that is many units of the confinement length scale. 	
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The gold-plated 
signature for the QGP   
J/ψ Suppression-1986	

•  In 1986, T. Matsui & H. Satz 
PL B178, 416 (1987) said that 
due to the Debye screening of 
the color potential in a QGP, 
charmonium production would 
be suppressed since the cc-bar 
couldn�t bind. QGP thermometer	

J/Ψ PHENIX design goal 1990-1991 
ϒ sPHENIX design goal 2015	

October 30, 2013 9:37 WSPC/139-IJMPA S0217751X13300433

H. Satz

ψ χ ψc ’ Υ χbΥ’ ’χ b
ψ Υ Υχ Υb ’

c
~=T      1.2 TcT  <  T ~=T       3 Tc

Fig. 10. Quarkonium spectral lines as QGP thermometer.

for the charmonium ground state J/ψ, 1.2 GeV and 0.1 fm for the bottomonium
ground state Υ. Hence one expects that even in a deconfined medium just above the
transition temperature (where the screening radius is around 1 fm), they can still
survive as bound states. Only a considerably hotter QGP will eventually prevent
binding, both through color screening and through collision dissociation. Raising
the temperature of the initial medium through an increase of the collision energy
will thus give rise to a step-wise suppression of quarkonia. First the more weakly
bound, larger excited states (1P, 2S, . . .) will no longer be present, until eventually
even J/ψ and Υ must become suppressed.

To give an indication of the process, we consider the potential theory approach,
using the charm system for illustration. The Schrödinger equation

{

2mc −
1

mc
∇2 + V (r)

}

Φi(r) = MiΦi(r) , (20)

with the “Cornell” form for the confining potential,29,30

V (r) = σr − α

r
, (21)

in terms of charm quark mass mc, string tension σ ≃ 0.2 GeV2 and gauge coupling
α ≃ π/12, then determines the masses Mi and the radii ri of the different charmo-
nium states in vacuum. In a hot QGP, the potential is replaced by the color-screened
form

V (r, T ) ∼ σr

{

1− e−µr

µr

}

− α

r
e−µr , (22)

where µ(T ) specifies the screening mass of the medium and hence rc(T ) = 1/µ(T )
the screening radius. When this falls below the binding radius of a given charmo-
nium state, c and c̄ no longer “see” each other and a binding for that state is not
possible. Approximating µ(T ) by the form obtained in heavy quark lattice studies
leads to suppression thresholds

TJ/ψ ≃ 1.3Tc , Tχ and Tψ′ ≃ 1.1Tc . (23)

The thresholds for the bottomonium states are shifted to correspondingly higher
temperatures.

Such a potential theory treatment is, of course, quite phenomenological. Many
attempts have replaced the model input potential (22) by a form obtained directly
from heavy quark lattice studies. This still retains ambiguities, however, and it does
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Jet Quenching: Parton energy 
loss by coherent LPM radiative 
energy loss in the QGP-1997	

•  In 1997, Baier, Dokshitzer, Mueller 
Peigne, Schiff  also Zakharov, see ARNPS 
50, 37 (2000),  said that the energy loss 
from coherent LPM radiation for hard-
scattered partons exiting the QGP would 
“result in an attenuation of the jet energy 
and a broadening of the jets”	
The energy loss, -dE/dx,  of an outgoing parton 	
per unit length (x) of a medium with total 
length L, due to coherent gluon bremsstrahlung 
is proportional to the q2 and takes the form:	
	
	
	
where μ, is the mean momentum transfer per 
collision (~the Debye screening mass). Thus, the total 
energy loss in the medium goes like L2. 	

−dE
dx

≈αs q
2 (L) =αsµ

2L / λmfp ≡αsq̂L
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�Mike, is there a �real collider detector� 
at RHIC?�---J. Steinberger 	

•  PHENIX is picturesque 
because it is not your father�s 
solenoid collider detector	

•  Special purpose detector 
designed and built to measure  
rare processes involving leptons 
and photons at the highest 
luminosities.	
!  possibility of zero magnetic field on axis 	
! minimum of material in aperture 0.4% Xo	
!  EMCAL RICH e± i.d. and lvl-1 trigger	
•  γ π0 separation up to pT ~ 25 GeV/c	
•  EMCAL and precision TOF for h± pid 	



Yale Seminar 2015	 M. J. Tannenbaum   7  	

Three things are dramatically different in 
Relativistic Heavy Ion Physics                       

than in p-p physics	
•  the multiplicity is ~A~200 times larger in AA central collisions than 
in p-p ⇒huge energy in jet cone: 300 GeV for R=1 at √sNN=200 GeV	
•  huge azimuthal anisotropies which don�t exist in p-p which are 
interesting in themselves, and are useful, but sometimes troublesome. 	
•  space-time issues both in momentum space and coordinate space are 
important in RHI : for instance what is the spatial extent of parton 
fragmentation, is there a formation time/distance? 	
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4%	

0.5%	

cτ0 εBj =5.4±0.6 GeV fm-2	

PRC 71 (2005) 034908	

AuAu Central Collisions cf. p-p	
STAR-Jet event in pp  STAR Au+Au central  

High pT particle 

p+p 

High pT particle 

Au+Au 

PHENIX Au+Au central 

€ 

εBj =
1
πR2

1
cτ 0
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Anisotropic (Elliptic) Transverse Flow--an 
Interesting complication in AA collisions	

px 

py 

•  spatial anisotropy⇒ momentum 
anisotropy	

x!

y!
z!

Reaction 
Plane	

x

y

p
p

atan=φ

• Perform a Fourier decomposition of the 
momentum space particle distributions in 
the x-y plane	

! v2 is the 2nd harmonic Fourier coefficient 	

Directed flow   
zero at midrapidity	

Elliptical flow   dominant 
at midrapidity	
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Hard scattering as a probe of the medium: 
Hot (AA) vs Cold pA Nuclear Matter Effects	

10	

•  RHIC is versatile	
! Can collide any nuclear species on any other	

Hard scattering of partons 
in the initial collision is in-
situ internal probe of 
medium. Do quarks and 
gluons lose energy in the 
medium? If so exactly how? 	

In p+A or d+A, medium is small,  
(1 nucleon wide) or non-existent. 
This is baseline for any cold 
nuclear matter  effect in initial 
collision	



How do quarks and gluons lose 
energy in the QGP?   	
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Let’s write a Textbook on QGP Physics	

QGP	



After 15 years at RHIC and 4 years at 
LHC, we could do a fair job on chapter 1, 
Properties of the QGP, but for Chapter 2, 
the Interaction of quarks and gluons and 

other radiation with the QGP,  I don’t 
know. I have not seen evidence that 

provides convincing proof of any theory or 
model. I don’t know any valid formula 

comparable to Bethe-Bloch for ionization 
loss or Bethe-Heitler for radiation.	
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How it began (for me)   
MJT@Snowmass 1982	
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i.e. Experimentalists like QCD because QCD is like QED. 	



An example from QED, Muon dE/dx vs E	
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I would like to see something like this for q and g in QGP 	

Even this was not straightforward, e.g. see MJT CERN-PPE-94-134.	
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The gold-plated signature for the QGP c.1986 �
J/ψ Suppression	

V=  -4 αs + σ r ⇒  -4 αs   e-µ(T)r +  σ  (1 - e-µ(T)r )	
3   r 3  r µ(T)	
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We designed PHENIX explicitly to make 
this measurement (and lots of others) 	

•  PHENIX is a special purpose 
detector designed and built to 
measure  rare processes 
involving leptons and photons at 
the highest luminosities.	
!  possibility of zero magnetic field on axis 	
! minimum of material in aperture 0.4% Xo	
!  EMCAL RICH e± i.d. and lvl-1 trigger	
•  γ π0 separation up to pT ~ 25 GeV/c	
•  EMCAL and precision TOF for h± pid 	

Comparison to scale 
with a wedge of CMS	

For the record: I was always skeptical of 
J/ψ suppression for the QGP because it 
was also “suppressed” in p+A collisions	

M. J. Tannenbaum   7  	



Maybe I was right?	
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NA50 at SPS (0<y<1) 
PHENIX at RHIC (|y|<0.35) 

PHENIX PRL 98, 232301 (2007)	

Au+Au	

Bar: uncorrelated error 
Bracket : correlated error 
Global error = 12% is not shown 

J/ψ suppression same at √sNN =17.2 and 
200 GeV ---> the Nightmare Scenario	

screening 

regeneration 

sum 

Grandchamp, Rapp, Brown; 	
!  In-media dissolution	

! Plus regeneration from �
“off-diagonal”  c-cbar pairs	

The Nightmare is that nobody will believe this. 
Must see J/ψ enhancement to believe⇒LHC result	



LHC data ALICE 	
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ALICE PRL 109, 072301 (2012)	

Less J/ψ suppression at √sNN =2.76 TeV 
than 200 GeV ---clear regeneration but 
according to H. Satz this is neither J/ψ 
suppression or enhancement since J/ψ/cc-
bar is the same in pp and AA while at 
RHIC a clear suppression of this ratio.	

http://www.ift.uni.wroc.pl/~mborn31/Talks/redborn-Satz.pdf	

From P. Giubellino-ISSP2013. He claimed 
that decrease in <p2

T> with centrality proved 
deconfinement. I claim that deconfinement 
would remove low pT  J/ψ hence increase 
<p2

T>; MJT thinks coalescence would 
increase low pT  J/ψ so proves regeneration. 	



MJT-Strangeness 1996 Budapest	
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MJT-We designed PHENIX to detect electrons with pT≥ 0.5 GeV/c with 10-4 rejection at the 
trigger level. Should be able to detect prompt-single e± from c and b quark decay with no 
COMBINATORIC background, so why not look? At the time, theorists only discussed charm 
as a background to di-lepton production, not a signal. Prompt-single e±=charm discovered at 
CERN-ISR by MJT and others: CCRS, Nucl. Phys. B113(1976)189.    	
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First qcd-based model BDMPSZ c. 1997	
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I don’t want to discuss models in detail, since they are nothing like  QED or QCD, theories that 
you can set your watch by (at least QED). I just mention this one example which stimulated the 
use of hard-probes at RHIC. See Baier, Schiff, Zakharov, Ann. Rev. Nucl. Part. Sci. 50, 37. 	

It is interesting to note that the original STAR Letter of Intent (LBL-29651) in 1990 following 
Wang and Gyulassy (LBL-29390) did cite as one objective: “the use of hard scattering of 
partons as a probe of high density nuclear matter... “Passage through hadronic or nuclear matter 
is predicted to result in an attenuation of the jet energy and broadening of jets. Relative to this 
damped case, a QGP is transparent and an enhanced yield is expected.” 	
         Of course this is precisely the opposite of what was actually discovered at RHIC.  For a 
timely (c. 1990) discussion of High pT and QGP, see MJT BNL-45696. Frankly, it was known 
since theoretical explanations of Busza’s original p+A measurements (see MJT arXiv:
1309.4678) that in a nucleus, due to relativity and Quantum Mechanics, a struck nucleon can 
only become an excited nucleon with roughly the same energy, but reduced longitudinal 
momentum and rapidity, and that it is relatively unaffected by being struck again. It remains in 
that state inside the nucleus because time dilation and the uncertainty principle prevent it from 
fragmenting into particles until it is well outside the nucleus. Thus, until the QCD based 
models, starting with  Baier, Dokshitzer, Mueller, Peigné, Schiff [NPB483(1997)291], which I 
found out about only in 1998 at the IV Workshop on QCD when Rolf Baier asked me whether 
we could measure jets in A+A collisions at RHIC, I described the original WangGyulassy Jet 
Quenching  as “the vanishing of something that doesn’t exist in the first place”.  	



Yale Seminar 2015	 M. J. Tannenbaum 12  	

BDMPSZ-Energy loss of partons 	

•   But this formula says ΔΕ/L ≈ ln (E/L) -->  Doesn’t look radiative like BDMPSZ	

•  A medium effect predicted in QCD---Energy loss by colored parton in medium composed 
of unscreened color charges with thermal mass µ by gluon bremsstrahlung--LPM radiation-
of gluons. I’m not sure whether radiated or target gluons are massive or both.	

•  The main parameter in the model is the transport parameter   , the mean 4-momentum 
transfer2/collision, μ2=μ2

D expressed as the mean 4-momentum transfer2  per elastic 
scattering mean free path, λ, i.e.    =μ2/λ. In various models    ~1-20 GeV2/fm, which 
corresponds to elastic scattering m.f.p. of λ=μ2/   ~0.52/1-20=0.25-0.0125 fm, small enough 
to explain rapid thermalization. Also coherent LPM --> dE/dx~L.	

•  MJT thinks that μ=μD~0.5 GeV must imply broadening of di-jet correlation. 	
 	
•  Unfortunately there are no general simple formulas, for instance Vitev, PLB606(2005)303: 	

q̂

q̂
q̂

q̂



Yale Seminar 2015	 M. J. Tannenbaum   13  	



Why is q-hat not visible in di-jet broadening?	
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 Also, Rolf thinks that it is possible for a parton to emerge from the center of the medium 
without a large energy loss (i.e. no LPM) , only BH , which Salgado and Wiedemann seem 
to have ignored and which is the result of multiple scattering with total Q2=μ2 L/λ=   L, 
where L is the length of the medium traversed. However, this accentuates something that is 
puzzling to me.  Why has nobody ever seen evidence for this?	

q̂
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STAR data AuAu: PRL 97-Newer data Later	

8 < pTt < 15 GeV/c  <pTt>=9.38 GeV/c 	

STAR, J. Adams, D. Magestro, et al  
PRL 97, 162301 (2006)	

“For 8<pT
trig < 15 GeV/c and pT

assoc > 6 GeV/c, 
a Gaussian fit to the away-side peak finds a 
width of  σΔφ =0.24 ± 0.07 for d+Au and 0.20 
± 0.02 and 0.22 ± 0.02 for 20%–40% and 0%–
5% Au+Au collisions, respectively.”	

PHENIX ppg039 PRC 73, 054903 (2006)	

0.3	



The most important 
innovation at RHIC was 

the use of hard-
scattering as an in-situ 
probe of the medium in 

RHI collisions 	
Yale Seminar 2015	 M. J. Tannenbaum   16  	
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•  This one figure encodes �
rigorous control of systematics	

	

	
	
	
	

•  in four different measurements over 
many orders of magnitude	

RHIC Physics is Precision Science	

= = 
π0	 direct-γ	

Direct photons unaffected by QGP 
medium in Au+Au →         

π0 suppression is medium effect  
 

PRL94 (2005) 232301	

PRL101 (2008) 232301	

PRL91 (2003) 241803	 PRD 86 (2012) 072008	

π0	

γ	
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xT scaling with 
neff=4 (parton 
model) QCD non-
scaling is visible	

QCD in Action 2012 in Direct γ production g+q→γ+q 	

xT scaling with 
neff=4.5 works for 
direct-γ due to  
QCD non-scaling	

Collection of World’s 
direct-γ measurements in 
(p+p / p+pbar) including 
PHENIX low pT msmt. 
PRL104(2010)132301and 
PRC87(2013)054907 

See the classic paper of Fritzsch and Minkowski, PLB 69 (1977) 316-320	
Plot by PHENIX Phys. Rev. D86(2012) 072008 	
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π0  are suppressed in Au+Au but not in d+Au  
⇒ suppression is due to hot matter	

€ 

RAA (pT ) =
d2NAA

π /dpTdyNAA
inel

TAA d2σ pp
π /dpTdy

Yale Seminar 2015	 M. J. Tannenbaum   19  	
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QM2006-Direct e± in Au+Au indicate a theoretical crisis	

Heavy quarks suppressed the same as light quarks (opposite of what was predicted) 
and they flow, but less.  This discovery provided a demonstration that heavy quarks 
were strongly coupled to the medium, with viscosity/entropy density η/s≈(1.3-2)/4π, 
close to the quantum lower bound, reinforcing the `perfect fluid’ and stimulating a 
broad spectrum of possible explanations. See references in IJMPA29(2014)1430017.	

p-p beautiful agreement of e± with c b  
production PHENIX PRL97(2006)252002	

Au+Au PHENIX   
PRL 98 (2007)172301	

Au+Au	
p-p




Status of RAA in AuAu at √sNN=200 GeV 2013	

(GeV/c)
T

 p
0 2 4 6 8 10 12 14 16 18 20

 
A

A
 R

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4  = 200 GeV, 0-10% most centralNNsPHENIX   Au+Au,   

 0-5% cent (arXiv:1205.5759)adirect 
 (PRL101, 232301)0/

 (PRC82, 011902)d
 (PRC83, 024090)q

p (PRC83, 064903)

 0-20% cent. (PRL98, 232301)sJ/
 0-20% cent. (PRC84, 044902)t

 (PRC84, 044905)HF
±e
 (PRC83, 064903)+K

particle ID 
is crucial: 
different 
particles 
behave 
differently	

Notable are that ALL particles are suppressed for pT>2 GeV/c 
(except for direct-γ), even electrons from c and b quark decay; with 
one notable exception: the protons are enhanced-(baryon anomaly)	
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If the previous slides went by too fast	
•   I wrote a book with Jan Rak with all this kind of information, “High pT physics in the 

Heavy Ion Era”, Cambridge 2013 where you can review this information. It is probably 
available either in hard cover or as an eBook in the Yale Physics Library.	
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http://www.cambridge.org/knowledge/discountpromotion?code=E3RAK	 20% discount	
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This talk was original presented in 2013 
so I go back a bit and start the new 

results where I left off in Utrecht 2011	



Nuclear Modification Factor !

π0 are suppressed in Au+Au eg 200 GeV


€ 

RAA (pT ) =
d2NAA

π /dpTdyNAA
inel

TAA d2σ pp
π /dpTdy

RHIC π0 pp vs AuAu	

 (GeV/c)
T

p
6 7 8 9 10 11 12 13 14 15

dy T
dN

/d
p

-810

-710

-610

-510

-410

p+p data
and fit func.

Au+Au data

 scale
AA

(1) T (2) Move along fit to
scaled p+p data

T
pb(3) Calculate 

 pT(p+p) - pT(Au+Au)> 

After a decade of the ratio RAA we are 
now paying more attention to δpT the 
shift in the pT spectrum as an indicator 
of energy loss in the QGP, but first 
back to 2003 RHIC d+Au data	
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-110
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(a) 0-5%

4 6 8 10 12 14 16 18 20
-110

1

(b) 70-80%

  Au+Au 200GeV0/PHENIX 

  Pb+Pb 2.76TeV+/-ALICE h
[PLB 696(2011)30]

A
A

R

 (GeV/c)Tp

RHIC √sNN=200 GeV cf. LHC √sNN=2.76 TeV 	

 (p+p) (GeV/c)
T

p
4 6 8 10 12 14 16 18 20

) T
/p Tpb 

> (
lo

ss
S

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45
(global)=0.3%bPb+Pb 0-5%, 
(global)=1.0%bAu+Au 0-5%, 

(global)=0.7%bPb+Pb 70-80%, 
(global)=2.9%bAu+Au 70-80%, 

Agreement of ALICE h± RAA with PHENIX π0 in the overlap region 
5<pT<20 GeV/c is incredible; BUT because invariant pT spectrum at LHC is 
flatter than at RHIC, spectrum shift δpT is 40% larger at LHC than at RHIC 
presumably due to the hotter and possibly denser medium.	

PHENIX PRC 87 (2013) 034911 	
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Energy dependence of δpT/pT �
  δpT/pT from 39GeV to 2.76TeV! 

–  ~0.3 for LHC 

2013-06-03 12 T. Sakaguchi, INPC2013@Florence, Italy 

arXiv:1204.1526�

LHC�

RHIC�

arXiv:1208.2254�
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PRL 109 (2012) 152301 PRC 87 (2013) 034911 

steady decrease from 0.3 at LHC to 0.05 at 39 GeV 



NEW-What determines energy loss δpT/pT?	
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FIG. 10. (Color online) Scaling variables dependence of Sloss at pppT = 7 GeV/c. (a) shows Sloss vs Npart, (b) shows Sloss vs
Nqp, (c) shows Sloss vs dNch/dη, and (d) shows Sloss vs εBjτ0. Nqp are all calculated by PHENIX. δsys(TAA ⊕ pp norm) is not
shown in these plots.
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FIG. 11. (Color online) Scaling variables dependence of Sloss at pppT = 12 GeV/c. (a) shows Sloss vs Npart, (b) shows Sloss vs
N , (c) shows S vs dN /dη, and (d) shows S vs ε τ . N are all calculated by PHENIX. δ (T ⊕ pp norm) is not

As suggested by Shuryak         
δpT/pT   scales best with dNch/dη 
but is not quite universal δpT/pT 
≈(dNch/dη)α, α≈0.42@ 2.76 TeV, 
α≈0.50 @200 GeV but curves 
merge at large dNch/dη 	

PHENIX arXiv:1509.06735v1 	
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• Enhancement effects compete against suppression effects 
concealing the turn off of QGP formation at low 𝑠୒୒ 

14 Quark Matter 2015, Kobe, Japan, 27 September 2015 Stephen Horvat 

BES I Charged Hadron RCP 

Au+Au 

NEW 

MJT thinks that it actually does turn off at ≈ 30. How to find out ?	



a
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Two particle correlations: A very interesting new formula for 
the xE distribution was derived by PHENIX in PRD74	

measured	

Ratio of jet transverse momenta	

If formula works, we can also use it in Au+Au to determine the relative 
energy loss of the away jet to the trigger jet (surface biased by large n)	

Relates ratio of particle pT	

Can be determined	

High pT LHC-2011	

xE pTt	

pout=pT sinΔφ	

pTt	 pTa	

€ 

Δφ
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h-h or π0-h correlations in Au+Au:  Away-side yield  vs 
xE≈pTa/pTt is steeper in Au+Au than p-p indicating energy loss	

PHENIX π0-h correlations   
PRL104(2010)252301	

IAA=[dNAA/dxE]/ [dNpp/dxE]	

Typically experiments just show IAA, the ratio of AA 
and pp xE≈zT=pTa/pTt distributions. Note all IAA 
plots are flat for pT>3 and rise for pT<3 GeV/c	

Steeper curve in Au+Au indicates that the away 
jet has lost energy relative to the trigger jet	

High pT 
LHC-2011	
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h-h or π0-h correlations in Au+Au:  Away-side yield  vs 
xE≈pTa/pTt is steeper in Au+Au than p-p indicating energy loss	

Steeper curve in Au+Au indicates that the away 
jet has lost energy relative to the trigger jet	

Also, in p-p the jets do not 
exactly balance due to kT, 
trigger bias, cuts, so take the 
measured away-jet imbalance 
relative to p-p as:	

                                                            
which is a quantitive measure  that 
the away-jet has lost energy relative 
to the trigger jet in AuAu compared 
to pp collisions	

High pT 
LHC-2011	
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Comparison with CMS dijet imbalance	

⇒	
⇐	

€ 

ˆ x h =1− (pT1 − pT 2) / pT1

€ 

(pT1 − pT 2) / pT1 =1− ˆ x h
130:  pp = 0.255,  PbPb=0.36	     : pp = 0.745,   PbPb=0.64	

€ 

ˆ x h

€ 

ˆ x h
AA / ˆ x h

pp                = 0.64/0.745= 0.859  	

€ 

1− ˆ x h
AA / ˆ x h

pp                        = 0.141	

Need to correct for the large non-zero effect in p-p collisions	

CMS PRC 84 (2011) 024906	

High pT 
LHC-2011	
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PHENIX 00-20, 20-60   cf CMS central	

Big difference between RHIC and LHC in this analysis. What I 
wanted from the LHC was to check this analysis, and they did!	

Dependence 
of Δ/E vs E 
at LHC ??	

High pT 
LHC-2011	



Yale Seminar 2015	 M. J. Tannenbaum 34  	

New CMS result confirms my idea	
ratio of 
away jet 
to trigger 
jet i.e 	

CMS PLB 712 (2012) 176	
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Emphasizes the need to understand the mechanism of energy loss by extending 
both the RHIC and LHC measurements to overlapping regions of pT.	

Dependence 
of Δ/E vs E 
at LHC ??	

PHENIX cf. CMS corrected for pp	
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Direct-γ-h correlation measures (~u quark) 
fragmentation function in Au+Au	

36	

N.B. h-h correlations where both h are jet fragments does NOT measure the frag. Fn.	

•  p+p consistent with e+e-	

•  Au+Au significant modification of frag. fn.   
Restricting the azimuthal range leaves the suppression 
at small ξ<0.9 relatively unchanged ≈0.5, but reduces 
the large ξ>0.9 (ph

T ≤3 GeV/c) enhancement  similar 
to the effect observed by CMS with actual jets.	

ξ=ln(1/z)=-ln (pTh/pTγ)	

PRD 82 (2010) 072001 	

PR
L 

11
1 

(2
01

3)
 0

32
30

1 	



Di-Hadron, Di-Jet or recently Jet-Hadron 
Correlations in AA interactions suffer from 

a HUGE problem due to v2,v3,v4 flow 
modulations of the background which 

obscure the hard-scattering away-side peak 
and had led to such RHIC “discoveries” as 

“Mach Cones”, The Ridge, “Head & 
Shoulders”. Uncertainties in determining 

the vn modulated soft background (the bulk) 
still lead to large systematic uncertainties 

for the hard-scattering peaks.	
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AuAu 200 0-5% like sign 
0.2< pT,1  pT,2< 0.4 GeV/c 

Away side correlations in Au+Au much wider than in p-p	

D 

Away side distribution much wider in A
+A than p-p in correlation fn. C(Δφ) 
Subtraction of v2 (flow?) effect→ J(Δφ) 
causes a dip at 180o which gives 2 peaks 
at π±D~1 radian independent of system 
and centrality for Npart >100. This is also 
seen for (auto) correlations of low pT 
particles. Is this the medium reaction to 
the passage of a color-charged parton? 
Why no dependence on centrality? Stay 
tuned, much more study needed.	

 PHENIX AuAu          
PRL 98 (2007) 

232302	

All Explained by v3	
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The Ridge, Shoulder, 
“Mach Cone’’ �

i.e. previous slide, all 
explained by v2, v3, . .vn	
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Paul Sorenson-From v2 to vn: and what we learn 

Analogous to the Power Spectrum extracted from the Cosmic Microwave Background 	
	

€ 

Npairs ∝1+ 2v1
2 cosΔϕ + 2v2

2 cos2Δϕ + 2v3
2 cos3Δϕ + 2v4

2 cos4Δϕ + ...
WMAP, Astrophys.J.Suppl.170:288,2007	

 A.P. Mishra, R. K. Mohapatra, P. S. Saumia, A. M. Srivastava, Phys. Rev. C77: 064902, 2008	
P. Sorensen, WWND, arXiv:0808.0503 (2008); J. Phys. G37: 094011, 2010	

40 

MJT-2013: easier to 
understand in terms of 
viscosity which is 
proportional to mean 
free path—the shorter 
the mfp, the lower the 
viscosity and more 
higher harmonics seen	

M. J. Tannenbaum  40	



ΔΦ = Φjet -  Φassoc.-hadron	

STAR Jet-hadron correlations-preliminary 2012 	
A.Ohlson, Hard Probes 2012	

Use Jet-hadron correlations to look for 
medium-induced-broadening of the away 
parton (Jet) w.respect to trigger Jet 	

Preliminary seems to look promising, 
but final data show no evidence:	
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H. Caines , QM 2011	



STAR Jet-Hadron 2013 final—suggestive? (!)	

“While the widths of the awayside jet peaks are suggestive of medium-induced 
broadening, they are highly-dependent on the shape of the subtracted background,...” 
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FIG. 1. (Color online.) (a) pjet,rec
T

spectra of HT trigger jets
in p+p and Au+Au, and of p+p HT trigger jets embedded in
Au+Au MB events. (b) The ratio of dN/dpjet,rec,p+p emb

T

to
dN/dpjet,rec,Au+Au

T

. Uncertainties due to the relative tracking
e�ciency, relative tower energy, and �E shift are shown as
shaded bands. Note that pjet,rec

T

is calculated only from tracks
and towers with p

T

> 2 GeV/c.

in the jet reconstruction in order to control the e↵ects of
background fluctuations. Furthermore, the reconstructed
jet must include as one of its constituents a BEMC tower
that fired the HT trigger. While in most jet reconstruc-
tion analyses it is necessary to subtract an average back-
ground energy from the reconstructed jet p

T

[32], the
2 GeV cut on tracks and towers makes this subtraction
unnecessary here. Instead, background fluctuations are
handled using an embedding procedure described later.

Jet-hadron correlations are defined as distributions in
�� = �

jet

� �
assoc

, where �
jet

denotes the azimuthal
angle of the axis of a reconstructed (trigger) jet and the
associated particles are all charged hadrons, measured
as TPC tracks, in the event. To obtain the associated
particle yields (Y ) and widths (�) of the jet peaks, the
raw correlation functions are fit with the functional form:

Y
NSp

2⇡�2

NS

e�(��)2/2�2

NS +
Y
ASp
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AS

e�(���⇡)2/2�2
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⌘
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FIG. 2. (Color online.) Jet-hadron correlations are shown
after background subtraction for 10 < pjet,rec

T

< 15 GeV/c
and for two ranges in passoc

T

: (a) 0.5 < passoc
T

< 1 GeV/c and
(b) 4 < passoc

T

< 6 GeV/c. The data points from Au+Au and
p+p collisions are shown with Gaussian fits to the jet peaks
and systematic uncertainty bands due to: tracking e�ciency,
the shape of the combinatoric background, and the trigger jet
energy scale defined by the �E and ⌃D

AA

shifts.

which includes two Gaussians representing the trig-
ger/nearside (NS) and awayside (AS) jet peaks, and a
background term modulated by vassoc

2

vjet
2

and vassoc
3

vjet
3

.
The elliptic anisotropy of the background is assumed to

factorize into the product of the single-particle anisotropy
of the associated particles due to elliptic flow (vassoc

2

) and
the correlation of the jet axis with the 2nd-harmonic event
plane [33] (vjet

2

). The possibility that there is a corre-
lation between the jet axis and the 3rd-harmonic event
plane [34] (which can give rise to a vjet

3

component and
thus a non-zero vassoc

3

vjet
3

term) is also taken into account.
The values of vassoc

2

vjet
2

and vassoc
3

vjet
3

are discussed later.
The Gaussian yields of the jet peaks, Y , are integrated

over a given bin in the transverse momentum of the as-
sociated hadrons (passoc

T

), and the reconstructed jet p
T

(pjet,rec
T

), as well as over the �⌘ acceptance.
The e↵ects of medium-induced modification can be

quantified by the widths of the jet peaks, �, as well as
D

AA

and ⌃D
AA

, defined in Eqns. (2) and (3) respec-
tively. D

AA

measures the transverse-momentum di↵er-
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FIG. 3. (Color online.) The Gaussian widths of the awayside
jet peaks (�

AS

) in Au+Au (solid symbols) and p+p (open
symbols) are shown for two ranges of pjet,rec

T

: 10� 15 GeV/c
(red circles) and 20� 40 GeV/c (black squares). The results
for 15�20 GeV/c (not shown) are similar. The boundaries of
the passoc
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ence between Au+Au and p+p (in a given passoc
T

bin with
mean hpassoc

T

i):

D
AA

(passoc
T

) ⌘Y
Au+Au

(passoc
T

) · hpassoc
T

i
Au+Au

(2)

�Yp+p(p
assoc

T

) · hpassoc
T

ip+p.

⌃D
AA

measures the energy balance over the entire passoc
T

range:

⌃D
AA

⌘
X

passoc

T

bins

D
AA

(passoc
T

). (3)

If jets in Au+Au and p+p have identical fragmentation
patterns, then D

AA

= 0 for all passoc
T

. Deviations from
D

AA

= 0 are indicative of jet modification.
In order to make meaningful quantitative comparisons

between jets in Au+Au and p+p, it is necessary to com-
pare jets with similar energies in the two collision sys-
tems. While the reconstructed jet p

T

is not directly
related to the original parton energy (especially in this
analysis because pjet,rec

T

is calculated only from tracks and
towers with p

T

> 2 GeV/c), jets in Au+Au with a given
pjet,rec,Au+Au

T

are matched to similar p+p jets using the
following procedure: The e↵ect of the background associ-
ated with heavy-ion collisions on the trigger jet energy is
assessed through embedding p+p HT events in Au+Au
minimum bias (MB) events (with the same centrality and
high-multiplicity bias as the Au+Au HT events). Under
the assumption that Au+Au HT trigger jets are simi-
lar to p+p HT trigger jets in a Au+Au collision back-
ground, the correspondence between the p+p jet energy
(pjet,rec,p+p

T

) and the Au+Au jet energy (pjet,rec,p+p emb

T

'
pjet,rec,Au+Au

T

) can be determined through this embed-

ding. Figure 1 compares the pjet,rec,p+p emb

T

spectrum
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to the pjet,rec,Au+Au

T

spectrum measured in Au+Au HT

events. For a given range in pjet,rec,p+p
T

the correspond-

ing pjet,rec,Au+Au

T

distribution is obtained. When compar-
ing Au+Au jets to equivalent p+p jets in this analysis,
the Au+Au signal is weighted according to this distribu-
tion. This procedure largely accounts for the e↵ects of
background fluctuations in Au+Au events; the possibil-
ity of additional discrepancies between the reconstructed
jet energies in Au+Au and p+p will be included within
systematic uncertainties described below.

The performance of the TPC and BEMC can vary in
di↵erent collision systems and over time. These varia-
tions are accounted for in the relative tracking e�ciency
between Au+Au and p+p (90%±7% for p

T

> 2 GeV/c),
the relative tower e�ciency (98%± 2%), and the relative
tower energy scale (100%± 2%). These variations in de-
tector performance were included, and their systematic
uncertainties were assessed, in the p+p HT ⌦ Au+Au
MB embedding. The e↵ects of the relative tracking e�-
ciency uncertainty and the tower energy scale uncertainty
on the pjet,rec

T

spectrum are shown in Fig. 1(b). The
embedding also accounted for jet v

2

and its associated
uncertainty (discussed later) by weighting the distribu-
tion of the p+p HT jets with respect to the event planes
of the Au+Au MB events; di↵erent hadronic correction
schemes were also investigated. The e↵ects of the tower
e�ciency and jet v

2

on the jet energy scale are found to
be negligible, as is the e↵ect of the hadronic correction
scheme on the final results.

In order to analyze the jet correlation signal in Au+Au
collisions it is necessary to subtract the large combina-
toric background in heavy-ion collisions. The background
levels are estimated by fitting the functional form in (1)

STAR PRL 112 (2014)122301, with 
systematic errors, is inconclusive due 
to v2, v3, ... uncertainties. 	

My idea is to use acoustic scaling to constrain v3,v4... from v2	
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Lacey:Acoustic Scaling from PHENIX v2,v3,v4	
In arXiv: 1105.3782v2  they claim that from hydrodynamics and kinetic 
theory, for a fixed initial collision geometry (centrality) one should get: 	

vn / v2
n/2 = constant, independent of pT	

It works for PHENIX,v2,v3,v4 
data from PRL 107(2011) 
252301.  I checked it myself 
using Excel. Will allow us to 
measure hard-scattering 
correlations with good 
constraint on flow: know v2 
know everything.	

M.J. Tannenbaum  43	

I didn’t do it yet because I was too busy 
working on Net-charge fluctuations.    
arXiv:1506.07834 


	MJT-YaleIntro.pptx
	MJT-Yale

